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INTRODUCTION 
 
A percentage of NF1 patients may experience an increase in pain after surgical removal of a neurofibroma. This 
pain is due to the formation of a painful neuroma, a jumbled mass of nerve fibers and connective tissues, at the 
cut end of the nerve. Palpating the tissue overlying a neuroma evokes paresthesias/dysasethesias in the 
distribution of the injured nerve. Surgical resection of the neuroma may provide relief, but the pain often recurs 
following the inevitable evolution of a new neuroma at the nerve end. Previous animal models of neuropathic 
pain have focused on the mechanical hyperalgesia and allodynia that develops at a location distant from the site 
of injury and not on the pain from direct stimulation of the neuroma. We describe a new animal model of 
neuroma pain, the tibial neuroma transposition (TNT) model, in which the neuroma is located in a position that 
is accessible to mechanical testing and outside of the innervation territory of the injured nerve. This allows 
testing of pain in response to mechanical stimulation of the neuroma (which we call neuroma tenderness) 
independent of pain due to mechanical hyperalgesia. Mechanical stimulation of the neuroma produced a 
profound withdrawal behavior that could be distinguished from the hyperalgesia that developed on the hindpaw. 
The ultimate objective of this research is to prevent reformation of a painful Neuroma by using suicide transport 
of neuronal toxins. 
 
BODY 
 
We will present a summary of our efforts that represent 1, research based directly on the specific 
aims of the grant and 2, outgrowth research to improve methodology in this work and increase 
our understanding of the patho-physiology underlying neuropathic pain. 
 
1) Specific Aim Directed Research 
In year one, we firmly established the TNT model with the addition of sufficient animal numbers to our 
preliminary work to produce a reliable, statistical and publishable result. We then completed our first specific 
aim by demonstrating that blocking neural input from the neuroma to the CNS reversed the pain behavior 
produced by the TNT model.  In year 2 we have been experimenting with a variety of neural toxins to prevent 
neuroma formation through retrograde transport and cell death.   
 
Retrograde Transport Experiments 
Our initial experiments focused on using OX7-SAP (Specific Aim 2).  This toxin consists of the mitogen 
recognizing complex monoclonal antibody, OX7, specific for the rat Thy 1 coupled to saporin, a ribosome 
inactivating protein.  The target antigen, rat Thy 1, is present on all adult neuronal cells. As Thy 1 is present on 
neurons and essentially absent from other tissues, the expectation was that injection of OX7-SAP into the 
neuroma would selectively destroy the neurons terminating there. The OX7-SAP experiments did not provide 
consistent outcomes. One possible explanation is that some antigenic structures of neurons are down-regulated 
after injury. A recently published study indicates that Thy 1 is transiently decreased in DRG neurons after 
sciatic nerve crush. It is important to note that although consistent with our findings, this information was not 
available at the commencement of our studies. Nonetheless, it was decided that the most effective next step was 
to examine the efficacy of a less selective suicide transport molecule: Ricin. 
 
Subsequent work has focused on establishing a proof of principal for suicide transport.  Ricin is a neurotoxic 
lectin, derived from castor beans, that binds to certain oligosaccharides on the cell surface.  After binding, it 
undergoes endocytosis and is axoplasmically transported to the cell body where it causes ribosome inactivation, 
inhibition of protein synthesis, and ultimately cell death.  An intraneural injection of ricin causes a loss of 
neurons in the corresponding DRG, anterior motor horn region, and complete degeneration (Wallerian) of both 
myelinated and unmyelinated axons in the peripheral nerve, central processes, and terminals.  We decided to 
use Ricin injections as a proof of principal experiment for the concept of preventing painful neuroma formation 
as it is has a more robust and less specific effect to OX7-SAP. 
 
In discussion with various experts in the field of neural toxins and retrograde transport we identified Wheat 
Germ Agglutinin (WGA) coupled to Saporin as an interesting neuronal toxin.  This toxin will bind 
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preferentially to small neuronal fibers, ones usually associated with pain transmission.  We decided to pursue 
additional experiments and determine if this toxin would produce neuronal cell death and Wallerian 
degeneration and prevent the development of a painful neuroma. 
 
Method 
 
Establishing the TNT model 
The posterior tibial nerve was exposed from approximately 8 mm proximal to the calcaneal branch to 1 mm 
distal to the plantar nerve bifurcation. The integrity of the calcaneal branch was preserved while it was dissected 
free from the main trunk of the tibial nerve. Just proximal to the plantar bifurcation, the tibial nerve was tightly 
ligated with 6-0 silk and sharply transected with scissors. Using a blunt glass probe, a subcutaneous tunnel was 
burrowed from the medial incision site to the lateral aspect of the hind limb. A 1.5 mm diameter plastic tube 
with a longitudinal slit in one wall was placed in the tunnel. The needle-baring end of the suture used to ligate 
the tibial nerve was passed through the plastic tube and pushed through the skin at a location 8-10 mm superior 
to the lateral malleolus. The plastic tube was then removed from the tunnel. The suture was gently pulled to 
advance the tibial nerve stump through the subcutaneous tunnel, until it was flush with the inner surface of 
the skin of the lateral hind limb. The suture was then cut flush with the skin. The incision was closed with 
running 6-0 silk sutures. The subsequent neuroma was located in a lateral position that was easily accessible for 
mechanical testing. The suture material could be viewed just below the skin surface and provided a target for 
mechanical testing. 
 
Behavioral Testing 
The rats were tested three times preoperatively and several times during the postoperative period. The animals 
were placed in individual transparent plastic cages on top of an elevated wire mesh stage that allowed access to 
the plantar surface of the paw. A 2.5 x 20 cm window at the bottom of the sidewalls of the cages permitted 
application of von Frey filaments to the ankle region. The animals were allowed to acclimate to the testing 
environment for 20-30 minutes before testing began 
Neuroma Tenderness 
The suture tied to the distal end of the tibial nerve or connective tissue was visible through the skin and served 
as the target for mechanical stimuli. An analogous site served as the target on the contralateral hindlimb. A trial 
consisted of a train of five applications of a von Frey filament (150 mN for 1-2 s) with an interstimulus interval 
of 1 s. If the animal responded to any of the five applications, the trial was terminated. A positive response was 
defined as a slow withdrawal of the hindpaw, or rapid withdrawal with vocalization, licking, or shaking.  
A grading system to qualitatively evaluate behavioral responses was used. Each trial was assigned a response 
grade ranging from 0 to 2 based on the animal’s response. A grade of 0 indicated that the animal did not 
respond during a given trial. A grade 1 response represented a slow withdrawal of the paw. A grade 2 response 
was defined as a brisk withdrawal or shaking, licking, or vocalization. The Withdrawal Score was defined as the 
sum of response grades for five trials and ranged from 0 to 10.  (See our recently published manuscript that is 
included in this report for additional details of the testing procedure) 
 
Nerve Injection 
Just proximal to the plantar bifurcation, the tibial nerve is sharply transected with scissors.  Forceps are used to 
crush the nerve 2 mm proximal to the cut end of the nerve.  A glass micropipette connected to a Hamilton 
microliter syringe pump system (Hamilton Company, 4970 Energy Way, Reno, Nevada USA) is carefully 
inserted into the center of the proximal stump of the tibial nerve and advanced to the region of the nerve that 
was crushed.  Then, 2 µl volume of toxin or control is injected over 20 minutes.  An indicator dye (fast green) 
was included with the drug to allow us to verify the drug does not leak out of the nerve during the injection 
procedure. If a substantial amount of dye leaked out, we excluded the animal from the subsequent analysis.  
After drawing out the micropipette, the stump of the tibial nerve is tightly ligated with 6-0 silk, and then 
transposed to the lateral hindlimb (as described above for TNT model surgery).   
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Histopathology 
Animals were deeply anesthetized with 10% isoflurane and received a transcardiac perfusion with 0.1M PBS 
(pH 7.4), followed by 4.0% paraformaldehyde solution in Sorenson’s buffered solution (pH 7.4).  All surgical 
lesions were grossly confirmed.  The tibial nerve was inspected for the presence of a neuroma (when 
appropriate).  The nerves to be studied (sciatic, tibial, calcaneal, peroneal) were harvested.  Relevant spinal cord 
and DRG were harvested. Serial sections were taken beginning at the distal nerve end and proceeding proximal.   
Peripheral nerves and dorsal/ventral roots.  For plastic section, the specimens are fixed in 2% glutaraldehyde in 
buffered cacodylate.  Serial dehydration through graded ethyl alcohol solution is performed over 24 hours. The 
specimens are then post-fixed in 2% osmium tetroxide and embedded in Epon.  Plastic embedded tissue will 
produce 1 micron sections to be stained with toluidine blue.  Paraffin sections are post-fixed for 48 hours in 4% 
paraformaldehyde then transferred to PBS and kept at 4°C until sectioning.  Paraffin sections will produce 12 
micron sections to be stained with hematoxylin and eosin and alternatively examined unstained. DRG and 
spinal cord.  Paraffin sections are post-fixed for 4-6 hours in 4% paraformaldehyde then transferred to PBS and 
kept at 4°C until sectioning.  Paraffin sections will produce 12 micron sections to be stained with hematoxylin 
and eosin and alternatively examined unstained. 
 
 
Experimental Design 
 
The experiments examining retrograde transport of a neural toxin and painful neuroma prevention were initially 
performed in an open label format to determine drug dosing and pharmacological effect.  All subsequent studies 
included blinding of the examiner.  The retrogradely transported toxins that we have examined included OX7-
SAP, WGA-SAP, and Ricin. 
 
 
Results 
 
OX7-SAP 
 
In our initial open labeled studies, we used OX7-SAP doses up to 2 ug in 2 ul.  It was initially surprising to find 
that even the highest dose (2 ug, see Figure 1 in Supporting Data) did not lead to a decrease in neuroma 
tenderness.  Given that the Thy-1 receptor is not found in human and the lack of a behavioral result, we decided 
to try other toxins instead of pursuing OX7-SAP.  As previously stated, a recent publication has documented the 
down regulation of the receptor after axotomy providing a possible explanation for the lack of experimental 
effect.  
 
Ricin 
 
Our initial open labeled studies used doses ranging from 0.5 ng to 500 ng of Ricin in 2 ul.  In these studies, we 
saw a decrease in the behavioral response to neuroma stimulation at some of the middle doses.  At the higher 
doses (≥ 50 ng) we saw localized tissue necrosis overlying the neuroma site that became more pronounced at 
higher doses.  We therefore chose to investigate the following doses in our blinded and controlled study (1, 5, 
10, 20 ng). The behavioral results from these data are shown in Figure 2 (see Supporting Data).  In the top panel 
of Figure 2, the behavioral responses to von Frey stimulation of the neuroma site are plotted as a function of 
time after the lesion.  Each curve corresponds to a different dose of ricin.  In bottom panel of Figure 2, the dose 
response function for ricin is plotted.  For these data, we determined the average behavioral response after the 
ricin administration (i.e., average response from day 9 to 35).  Ricin led to a significant reduction in the 
behavioral response at both the 10 ng and 20 ng dose.   

On histology review, we found that the highest doses of Ricin (≥ 50 ng) produced a nearly complete 
elimination of myelinated axons from the neuroma itself. Examination of more proximal nerve segments 
demonstrated segmental Wallerian Degeneration as would be expected for a toxin producing cell death. The 
lowest doses resulted in a minimal reduction in myelinated axons in the neuroma itself with some proximal 
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Wallerian Degeneration. The animals treated with 20 ng doses of Ricin exhibited marked or nearly complete 

elimination of myelinated axons from the neuroma itself. An example of this is shown in the figure which 
compares the appearance of an neuroma exposed to 1 ng of Ricin (nearly normal neuroma with many 
myelinated axons, examples are indicated by the yellow arrows but dozens are present) to the appearance of a 
neuroma treated with 20 ng of Ricin (nearly all myelinated axons are degenerated, three axons are indicated by 
yellow arrows).  

Additional observations were made of the proximal nerves and the dorsal root ganglia, where the cell 
bodies of the C-fiber axons are located and the spinal cord. In the proximal nerves, there was focal Wallerian 
degeneration, that was focal within the nerve indicating that this was due to proximal degeneration of axons 
supplying the distal nerve branch that had been treated with Ricin. This is illustrated in the figure at left where 

the normal density of axons in an untreated branch of the nerve is 
seen in the lower part of the figure, the depleted density of axons due 
to treatment is seen in the upper portion of the figure. In the DRG, 
there was evidence of single, isolated neurons undergoing 
phagocytosis by leukocytes; strikingly, adjacent neurons were 
completely normal in appearance as gauged by the H&E staining. 
These findings were consistent with the toxin working via a dose-
dependent mechanism and inducing neuronal death by a suicide 
transport mechanism.   

Taken together, these data demonstrate the proof-of-concept 
that injection of suicide transport molecules can eliminate the 
myelinated nerve endings from a neuroma and lead to a significant 
reduction of neuroma tenderness.  
 

 
Wheat Germ Agglutinin - SAP 
 
In our open labeled studies we used doses of WGA-SAP ranging from 5 to 200 ng.  None of these doses led to a 
significant decrease in the behavioral responses to neuroma stimulation.   
 
On histology review, we observed dose dependent effect at the level of the neuroma. This effect consisted of a 
decrease in the number of unmyelinated axons and an increase in the number of regenerative clusters. More 
proximal portions of the nerve were evaluated by both plastic section analysis and selected nerves by paraffin 
section. The plastic section analysis of the proximal nerves indicated that, except at the highest dose, the 
myelinated axons were essentially normal in appearance with a very small number of myelinated axons 
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undergoing Wallerian Degeneration. Aside from the preservation of myelinated axons, there appeared to be a 
decrease in C-fibers in segments of the nerve however, given the random distribution of C-fibers in the normal 
nerve this was difficult to assess fully. There was however an increase in nuclear number, consistent with 
increased numbers of Schwann cells in some segments of the proximal nerve. This was confirmed by 
examination of the paraffin sections stained with H&E.  
 
The histology observations were consistent with the degeneration of C-fiber axons which, being unmyelinated, 
leave few traces after undergoing abrupt degeneration. The one remnant of this process is typically an increased 
number of Schwann cells as observed in these nerves. These findings are consistent with a highly selective 
destruction of small fiber axons and the associated neurons. This is strongly supportive of successful targeting 
of the WGA-SAP to the intended target.  
 
Putting together the behavioral and histology results, the data demonstrate that elimination of most 
unmyelinated fiber innervation of the neuroma does not eliminate neuroma tenderness.  This has led to our 
current hypothesis that the neuroma tenderness is due to activity in myelinated fibers. This is consistent with the 
clinical observation that tapping on a neuroma leads to sharp, “electric” pain that is immediately perceived (i.e., 
faster than would be conducted by activation of unmyelinated fibers).  To pursue this hypothesis, we plan to use 
a toxin that is specific to myelinated fibers.  Initially we will use CTB-SAP. 
 
 
 
 
 
 
2)  Outgrowth Research 
 
Anti-ganglioside Antibodies 
 
Dr. Kazim Sheikh from  Johns Hopkins Department of Neurology has demonstrated that the systemic 
administration of a monoclonal anti-ganglioside  antibody leads to profound inhibition of axon sprouting in a 
sciatic nerve crush model.  He has obtained funding from the Blaustein Pain Foundation to explore the 
hypothesis that this technique could be used to alter pain from nerve injury.  Part of the basis of the grant is a 
collaboration with our group in that we would provide him the TNT animal models and behavioral testing 
technique.   
 
Gangliosides, the target antigens of anti-ganglioside antibodies (Abs), are major cell surface determinants and 
the predominant sialoglycoconjugates in the mammalian nervous system.  GD1a and GT1b are the two major 
gangliosides in the growth cones of regenerating axons.  Abs with GD1a specificity can act as inhibitory cues 
for growth cones .   
 
Initial experiments determined a pharmacologic effect on axonal sprouting.  These were used to determine a 
dose for treating animals in whom the TNT model was being established.  The average behavioral response to 
mechanical stimulation at the neuroma site was significantly lower (p<0.01) for the nerves in which the antibody was 
injected (5.2 =/- 0.7, n=4) compared to the control nerves that were injected with mouse serum (9.0 +/- 0.3, n=4). 
 
While this is very preliminary data, it does appear that the administration of an Abs may prevent painful 
Neuroma formation.  We will continue these collaborative studies with carefully controlled and blinded 
experiments. 
 



 

 9

 
KEY RESEARCH ACCOMPLISHMENTS 
 
-  The formation of a neuroma subsequent to axotomy can be altered by using retrograde transport of a neural 
toxin in the proximal stump.   
 
-  Neuroma test-site mechanosensitivity can be altered by retrograde transport of a neural toxin. 
 
 
-  The pain behavior associated with neuroma formation may not be dependent on ongoing activity in small 
fiber neurons (C-fibers, A-delta fibers). 
 
-  The administration of a systemic anti-ganglioside antibody may prevent axonal sprouting in a neuroma and 
the thus prevent the development of neuropathic pain secondary to Neuroma mechanosensitivity. 
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REPORTABLE OUTCOMES 
 
The tibial neuroma transposition (TNT) model of neuroma pain and hyperalgesia.   
M. Dorsi, L. Chen, B. Murinson, E. Pogatzki-Zahn, R. Meyer, A. Belzberg 
Pain, Volume 134, Issue 3, Pages 320-334  
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CONCLUSION 
 
We have now completed the first and second of three specific aims.  
The pain behavior displayed by the animal results from mechanical stimulation of the neuroma, a phenomenon 
commonly seen in patients with painful neuroma. The tibial neuroma transposition (TNT) model provides the 
scientific community an animal model of neuroma pain. 
 
The application of Ricin to the nerve will result in retrograde transport of the neural toxin and axonal 
degeneration.  There is a dose dependent loss of axons and prevention of neuroma formation. 
The application of Wheat Germ Agglutinin – SAP to a nerve will result in retrograde transport of the neural 
toxin and loss of small fiber axons.  In preliminary experiments, the loss of these “pain fibers” did not result in a 
loss of pain behavior.  This phenomenon will be further explored. 
 
We will now proceed with the third and final specific aim.  We will alter neuroma formation using retrograde 
transport of a variety of neural toxins and carefully determine the effects on pain behavior.  Specifically, we will 
determine if we can both prevent painful neuromas from forming and reverse pain behavior by treating an 
existing neuroma.  
 
We will pursue the use of anti-ganglioside antibody in preventing neuroma formation through a collaboration 
with Dr. Kazim Sheikh from Johns Hopkins Neurology. 
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Figure 1 Behavioral responses after OX7-SAP
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Figure 2 Behavioral responses after ricin injection 




